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ABSTRACT   
We describe a study of electro-absorption effects in high quality 1300nm InAs/GaAs quantum dot (QD) 
material grown by molecular beam epitaxy. The photocurrent spectra as a function of electric field is 
investigated and the quantum confined Stark shift of the QD states is compared to reports for various quantum 
well (QW) systems (GaAs/AlGaAs, InGaAs/GaAs, InGaAsP/InP).  We show that the rate of shift of the QD 
absorption peak is smaller than that of the reported QW systems (~0.1 meV/kVcm-1 c.f. 0.15-0.2 meV/kVcm-
1) and that the QD ground-state absorption is comparatively insensitive to the applied electric field.  We 
observe a strong QD absorption peak at all biases up to avalanche breakdown, which is not observed in 
previous reports for these QW systems. 
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1. INTRODUCTION  
 
Self-assembled InAs/GaAs Quantum Dots (QDs) present close to ideal zero dimensional systems [1]. The 
optical characteristics of the inter-band transitions of this material system have been significantly 
investigated, either for a pure physical understanding [2-5], or for employment in QD lasers [6, 7]. Carriers 
are confined within the QDs in all 3 dimensions resulting in a delta-like density of states, which results in a 
temperature insensitive lasing threshold [8.9]. 
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QD structures have been proposed as candidates for electro-absorption modulators, which could produce 
negatively chirped pulses [10].  More recently, InAs/GaAs QDs have been monolithically grown on Si and 
proposed as photodetectors [11].  Most recently, InAs/AlInGaAs/InP devices have shown promise as high 
sensitivity photodetectors [12].  A comprehensive photocurrent (PC) spectroscopic study of high quality self-
assembled QD materials is therefore timely.  PC spectroscopy presents a direct and a relatively simple method 
of quantifying the absorption spectra. The advantage of PC spectroscopy for investigating absorption spectra 
in QWs has been demonstrated by Collins et al. [13].  Previous PC spectroscopic studies of InAs/GaAs QD 
structures have concentrated on short wavelength structures, and have been concerned with the determination 
of the electron-hole wavefunction alignment within the QD [14, 15].   
 
In this paper, we describe a PC spectroscopic study of high quality 1300nm InAs/GaAs QD materials grown 
by MBE.  These materials exhibit comparatively low inhomogeneous line-width, large state-separation, and 
limited tunneling breakdown (i.e. very low dark current).  We analyze the quantum confined Stark effect 
(QCSE) in the QD states, and compare the permanent dipole moment to other reports in the literature of QDs 
at shorter wavelengths.  The dark-current and responsivity are compared to comparable reports in the 
literature.  We go on to compare the QCSE of the QDs to reports for various QW systems (GaAs/AlGaAs, 
InGaAs/GaAs, InGaAsP/InP) operating at a range of wavelengths (800nm to 1600nm). We show that the rate 
of shift of the QD ground-state absorption peak is smaller than that of most QW systems (~0.1 meV/kVcm-1 
c.f. 0.15-0.2 meV/kVcm-1). We go on to show that the QD absorption strength is relatively insensitive to 
applied electric field as compared to these reports for QWs.  Both observations are attributed to the strong 
carrier localization of the QD states.  As a consequence, we observe a strong QD absorption peak at all biases 
up to avalanche breakdown, which is not observed in QW systems.  We explore possible future uses of 1300 
nm QDs as an absorptive element.   
 
2. DEVICE STRUCTURE 
 
 
The layer structure of the epitaxial material is shown schematically in Fig. 1. The growth of the active region 
(QD containing intrinsic region of the p-i-n diode) begins with 60nm of un-doped GaAs, followed by 10 
repeats of InAs quantum dots (InAs QDs and GaAs barriers). Each repeat is comprised of 2.5 ML InAs 
forming the dots, an InGaAs strain reducing layer (shown in blue color in the Fig. 1), and a 40 nm GaAs 
buffer. The intrinsic region is sandwiched between p- and n-doped AlGaAs cladding layers, constituting a 
485nm active region, and the structure is grown on a silicon doped GaAs substrate.  
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The epitaxial layers were fabricated into optical access mesa diodes based on standard fabrication process 
steps. The sidewalls were etched through the active layer to allow accurate determination of carrier densities. 
Samples were then mounted and bonded on ceramic tiles for measurement. 
 
 
Figure 1: Schematic of the epitaxial layer structure  
 
3. MEASUREMENT TECHNIQUE 
 
A schematic diagram of the experimental set-up is illustrated in Fig. 2. Light from a tungsten halogen lamp 
was focused onto the entrance slits of the monochromator. An optical chopper was utilized to modulate the 
intensity of light so as to employ lock-in amplification, as the PC will also be modulated at this frequency. 
Subsequently, the light was passed through a long-pass filter (transmitting > 800nm), and then dispersed by 
the monochromator to select the appropriate wavelength. Entrance and exit slit-widths were selected to give a 
spectral resolution of 2nm. Cylindrical collimating and a focusing lens were then used to focus the 
monochromatic light onto the 400µm annular contact of the mesa diodes at room temperature. The resultant 
PC was detected through standard lock-in techniques. The lock-in amplifier (Stanford Research Systems 
SR830) is referenced through a phase locked loop to the operating frequency of the chopper. A Keithley 4200 
semiconductor characterization system was utilized in order to apply DC voltage across the device, along the 
growth direction. 
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Figure 2. : Schematic diagram of the photocurrent spectroscopy system 
 
4. RESULTS AND DISCUSSION 
 
In this section we present PC spectra at a number of different reverse biases, and investigate the shift and 
magnitude of the observed absorption peaks. The band profile for our p-i-n device along with the escape 
dynamics in the PC process are illustrated schematically in Fig. 3. In a reverse bias configuration, large fields 
are applied with small dark current (~6x10-9 A/cm2 at -5V) for up to 20 V, which is a lower value compared to 
previous reports by ~3-4 orders of magnitude [11,12].  However, these reports were for large mesa diodes 
fabricated on epitaxial material grown on Si [11], and very small diameter devices where surface leakage may 
be dominant [12]. The electric field can be calculated through F = (V+Vbi)/W, where Vbi is the built-in 
potential ~ 1.5, V is the applied bias, and W is the width of the active region. The process of carrier escape 
from the dots is expected to involve a mix of thermionic emission and tunneling through the barrier as shown 
schematically in Fig. 3b. 
Proc. of SPIE Vol. 9742  97420S-4
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 09/16/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
p i n
1w
á
p-GaAs
Cl_
V Ul-
Vtat
Vb n -GaAsElectric
Field e.
(a)
F
Thermal excitation
hv i
(b)
Tunneling
 
 
 
Figure 3. (a) Band diagram of the p-i-n device under reverse bias. (b) Inter-band absorption process followed by carrier 
escape by tunneling or thermal excitation, consequently leading to the observed photocurrent signals.  
 
In Fig. 4a, we present PC response spectra of the aforementioned sample at reverse biases of 0, 6, and 12 V at 
room temperature, corresponding to electric fields of 30, 150, and 270 kV/cm, respectively. The spectra is 
comprised of 4 well resolved features attributed to the inter-band transitions of the QDs, 2 features that arise 
from the 2-D wetting layer/strain reducing layer transitions, and one last feature that is from the bulk GaAs 
band edge transition.  We note that the FWHM of the QD GS ensemble absorption of 28meV is very small in 
comparison to the limited number of PC spectroscopy reports in the literature, highlighting the high 
uniformity of the QDs.  The quantum dot transitions are superimposed on a broad background signal that 
increases with energy. We expect bound-to-bound QD transitions up to ~1.12 eV, after that bound (e) to 
continuum (hh) absorption increases as E-1/2. Subsequent to that, at ~1.22 eV, we expect another increase in 
absorption due to the B (hh) to C (e), again with an E-1/2 contribution of the density of states of the bulk 
semiconductor. At 1.28 eV, a step-like absorption continuum is observed, attributed to the 2-D WL/SRL 
region of the QD active element [16].  
The spectra in Fig. 4 (b and c) are taken at biases of 0-12 V (30-270 kV/cm), and data are shown in 2 V 
(40kV/cm) intervals for clarity. Fig. 4b plots the PC spectra with respect to applied bias in the energy range 
1.35 to 1.5 eV. This region corresponds to absorption within the bulk GaAs of the active region. We observe 
that as a result of the applied electric field, absorption is increased below the band gap (1.37 – 1.39 eV) and 
oscillatory behavior appears above the band gap (1.43 -1.44 eV). This is attributed to the Franz-Keldysh effect 
[17, 18] that is a consequence of the penetration of the wavefunctions into the band gap as electric field is 
applied. The effect of E-field is to distort the plane wave electron and hole wavefunctions to Airy functions 
thereby resulting in the characteristics seen in Fig. 4 b. 
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Figure 4. (a): Sample response as a function of E-field. (b) and (c) represent a more detailed view of transitions in the 
bulk GaAs and transitions from the 2-D quantum well layer of the sample, respectively. 
 
Fig. 4c plots PC as a function of bias in the energy range 1.25 to 1.4 eV. This region corresponds to the 
optical transitions from the 2-D WL/SRL within the QD structure. The PC spectra display classic QCSE 
behavior, showing a quadratic shift of peak energy, and a monotonic reduction in oscillator strength with 
increasing applied E-field [19]. This effect is more severe for the lowest level (n=1) since its orbit is distorted 
more severely than higher levels. This is evident in Fig. 4c, since the e1hh1 transition of the QW, located at 
energy of 1.27 eV, quenches at a field of 110 kV/cm, while e2hh2 at 1.35 eV is still resolvable at an E-field of 
270 kV/cm. The E-field dependent optical absorption in 2-D QW structures has been extensively studied [20], 
and the red shift of exciton energy has been calculated [21]. 
Fig. 5a plots the evolution of QD ground state PC spectrum in the energy region of 0.92 to 1.0 eV for E-fields 
from 30 to 270 kV/cm with 40 kV/cm intervals. At a first glance, it appears that the shift is almost linear with 
applied E-field. The peak absorption initially increase at 70 kV/cm, which is attributed to the E-field reaching 
a strong enough magnitude to efficiently sweep carriers out of the dots before they recombine. The peak 
absorption decreases monotonically thereafter, which is attributed to the reduction of e-h wavefunction 
overlap (oscillator strength) as the E-field is increased giving rise to the 0-D QCSE, which is also evident in 
the observed red shift of the peaks observed.  At low reverse biases, a responsivity of ~12.3 mA/W is 
observed, in line (considering the higher number of layers and higher areal density) with previous reports 
[14].  The E-field acts to distort the e-h wavefunctions in a very similar manner to that observed for the 2D 
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WL/SRL. However, because of the extra dimension of quantization in QDs, the wavefunctions are much more 
strongly localized compared to the QWs and hence the absorption strength does not fall off as significantly as 
it does for the 2-D system and persist at higher fields. In the following section this red shift is utilized to 
calculate the dipole moment of the transition.  
The GS peak absorption energies are plotted in Fig. 5b as a function of applied E-field. The dependence of 
transition energies in the QDs on E-field in Fig. 5a is expected to be approximated by the quadratic 
expression, E=E0+pF+βF2 [15]. Where E0 is the energy without field, p is the dipole moment, and β is due to 
the polarization of the QDs in the applied E-field (QCSE). We note that the observation of the experimental 
data being in the region where the quadratic shift becomes more linear indicates the presence of a dipole at 
zero applied field [22]. 
 
Figure 5. (a) Ground state transition energies as a function of electric field. The solid green curve is a fit to E =E0 
+pF+βF2 in (b). The absorption peak for this sample shifts 22 meV. The dotted curves are fits to the data for 1 x 10-29  
above and below the dipole moment, p. 
 
A good fit to the data is obtained using values of p and β of 5.64 x 10-29 Cm and 0.98 μeV/(kV/cm)2, 
respectively. This fit indicates a clear asymmetry about F=0, with a maximum energy at a field of 280 kV/cm, 
giving rise to a permanent dipole moment of p= 5.64 x 10-29 Cm. By including our fit analysis, this would 
correspond to an electron-hole separation of 4.4 ± 0.5 Å that is in line with other values reported in the 
literature [23, 24] for shorter wavelength structures.   
We would now like to compare our QD measurements to QCSE data for a range of QW structures. Fig. 6a 
plots the normalized amplitude of the ground state absorption peaks of the QDs and a number of QW 
structures from the literature with respect to applied electric field. It is evident that the QDs studied in this 
work maintain a higher normalized absorption as reverse bias is increase, while the excitons within the QWs 
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are more readily ionized with increasing E-field due to the comparatively lower degree of wavefunction 
localization. Fig. 6b plots the shift of QD GS peaks with respect to the applied E-field compared with the 
same QWs. The almost linear shift of the QD absorption peak is in stark contrast to the quadratic behavior of 
the QWs. It is observed that the QDs also demonstrate a lower rate of peak shift with applied E-field (~0.1 c.f. 
~0.2 meV/kVcm-1). This characteristic is also attributed to the strong localization of the wavefunctions within 
the dots.  
 
Figure 6. (a) Normalized amplitude of absorption and (b) Shift of the absorption peak as a function of E-field 
 
Fig. 7a plots the PC spectra at reverse biases of 15-20 V incremented by 1V, corresponding to E-field values 
of 340-440 kV/cm with 20kV/cm intervals. The 30kV/cm (0V) spectrum is also shown for comparison.  A 
total shift of 40meV from zero applied bias to breakdown is observed.  This is smaller than that observed for 
1300nm InAs/GaAs QDs grown on Si substrates (c.f. 60meV) which may be due to a difference in the 
average QD height, brought about by the details of the SRL and capping process in MBE. 
In this bias region, a clear increase in the PC is observed at all wavelengths. This is attributed to photons 
being absorbed by the QDs, 2-D WL/SRL, and GaAs bulk layers and being subsequently subjected to impact 
ionization due to the high E-fields in the GaAs. The onset of the increase in PC with increasing reverse bias 
occurs at a bias of ~ 340 kV.cm, in good agreement with expected breakdown fields of 400 kV/cm.  
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Figure 7. (a) Response at high fields with the avalanche effect and (b) GS Multiplication Factor  
 
Fig. 7b plots the multiplication factor due to the avalanche effect as a function of E-field. This is obtained by 
taking the fraction of the PC minus the dark current contribution divided by the unity current (the linear 
region in which PC does not vary with the applied field) [31]. It can be seen that PC increases 12 fold at an 
applied E-field of 440 kV/cm across the device.  Previous reports for InAs/GaAs QDs grown monolithically 
on Si observed a small increase in avalanche gain for E-fields >180 kVcm-1 which was attributed to an 
increase in PC due to the QCSE [14].  Our results show no such abnormal behavior, suggesting that either the 
growth on Si, or specifics of the electronic structure of QDs grown using a different optimization process, 
gave rise to that observed behavior.   
The observation of impact ionization/avalanche breakdown effects highlights the high level of material 
quality (i.e. limited evidence for Zener breakdown, and very low dark-current) for these highly strained 
structures. The observation of impact ionization effects, along with strong QD absorption at the same (very 
high) E-fields is interesting. It suggests that a QD laser active element may be used as an (albeit non-
optimized) avalanche photodiode. We note that the emission wavelength of the GS of the QDs of a laser 
active would be at ~ 0.98 eV (see low bias curve in Fig. 7a), and at high bias this corresponds to the dip in 
absorption, being halfway between the absorption energies of the GS and ES (see high bias curve in Fig. 7a). 
However, carrier multiplication is observed to result in a significant increase in PC at this wavelength, more 
than compensating for the low absorption due to QCSE. This suggests possible applications in sensing, range 
finding, and/or imaging where arrays of lasers and photodetectors may be considered without the need for 
complicated epitaxial structures. 
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5. CONCLUSION 
 
 
We have described a PC analysis of highly uniform QD material at 1.3μm. The intensity and shift of the 
transitions have been compared with reports in the literature on QWs. We show that the QDs shift of PC 
peaks investigated in this work to a number of QW absorption reports indicated that the QDs maintain a high 
peak GS absorption up to high E-fields, and exhibit a lower Stark-shift as compared to their QW counterparts. 
This is attributed to the strong carrier confinement in QDs. We show that by contrast to the QW system, 
absorption from the QDs remains strong as E-field is increased. The absorption remains strong until impact 
ionization effects (in the GaAs intrinsic region) occur. We have gone on to discuss possible applications in 
which such properties may be exploited. 
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